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(54) Surface-emitting laser 



(57) A surface- emitting laser comprises an optical 
cavity including a multiple quantum well (MQW) active 
region (16) providing a source of optical emission in use. 
Top and bottom mirrors (22 and 12) are disposed re- 
spectively above and below the MQW active region (16). 
The MQW active region (16) is profiled so that it has a 
greater number of quantum wells in a central portion 
(16a) thereof than in a peripheral portion (16b) thereof 
(Figure 2). In alternative embodiments, (a) a current- 



guiding region (26) is profiled so that it has a first current- 
guiding portion (26a) with a relatively smaller aperture 
therethrough extending over a central portion (16a) of 
the MQW active region (16), and a second current -guid- 
ing portion (26b) with a relatively larger aperture there- 
through (Figure 3); and (b) one of the mirrors (20) has 
a layer structure which, in a central portion of the cross- 
sectional area of such mirror, is different to that in a pe- 
ripheral portion of said cross -sectional area (Figure 4). 
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Description 

This invention relates to a surface-emitting laser 
and, more particularly, a vertical cavity surface emitting 
laser (VCSEL) having a continuous wave (cw) output. 
VCSELs are relatively easy to fabricate as linear and 
two-dimensional arrays and are potentially useful for a 
wide range of applications including laser printing and 
scanning, optical interconnects, fibre communications, 
optical parallel processing, data storage and displays. 

Typically, VCSELs are epitaxial semiconductor p-i- 
n layer structures which emit light in a direction normal 
to the growth plane. An optical cavity is placed at the 
centre of a thin (of the order of 1 ujn) Fabry-Perot etalon 
having top and bottom mirrors typically formed from 
quarter wave QJA) semiconductor or dielectric distribut- 
ed Bragg reflectors (DBRs), each having a reflectance 
(R) in excess of 99%. One or more optically active layers 
providing a source of optical emission are arranged to 
be al Ihe antinode(s) of the electric field distribution in 
the optical cavity, with optical gain characteristics 
matched to the transmission resonance of the etalon. 
Upper and lower spacer layers are usually provided re- 
spectively above and below the active layer(s) to define 
the required length of the optical cavity between the top 
and bottom mirrors. 

Many of the applications envisaged for VCSELs rely 
on a Gaussian characteristic for the output beam profile. 
Although single longitudinal mode operation is inherent 
in a VCSEL designed to have only one Fabry-Perot res- 
onance within the mirror stop-band, transverse mode 
characteristics are less well controlled. Small diameter 
(<5 Mm), index-guided 'etched pillar 1 - type VCSELs can 
exhibit TEM 00 single transverse mode operation, but are 
difficult to process, and the small active volume, togeth- 
er with surface scattering and diff ractive losses, results 
in low power operation. The more practical, larger diam- 
eter (-15-20 jam) gain-guided VCSELs can operate in 
a fundamental transverse mode near threshold, but de- 
velop higher order transverse mode characteristics 
above threshold due to a combination of spatial hole 
burning thermal lensing and self-focussing. 

Morgan, R.A et al in "Transverse Mode Control of 
Vertical-Cavity Top-Surface-Emitting Lasers", IEEE 
Photon. Tech. Lett. 4, 374 (1993) disclose VCSELs hav- 
ing a multiple quantum well (MQW) active layer struc- 
ture, wherein the diameters, w and g respectively, of the 
central exit window in a top metal ring contact and of the 
'gain-guide' aperture (the latter being defined by H 4 im- 
plantation using a mask) are independently adjusted. 
The diameter w of the contact window is adjusted to a 
small value (< 5 ujti) so as to select single mode emis- 
sion, whilst the diameter g of the gain-guide aperture is 
controlled so that it is large enough (typically 15-20 urn) 
to maintain process producibility and sufficiently low 
voltage. However, even when using such an arrange- 
ment, the maximum continuous wave single transverse 
mode power output for VCSELs is limited to 2.6 mW or 



less. 

It is an object of the present invention to obviate or 
mitigate this disadvantage. 

According to a first aspect of the present invention, 

s there is provided a surface-emitting laser comprising an 
optical cavity including a multiple quantum well (MQW) 
active regbn providing a source of optical emission in 
use; and top and bottom mirrors disposed respectively 
above and below the MQW active region, wherein the 

io MQW active region is profiled so that it has a greater 
number of quantum wells in a central portion thereof 
than in a peripheral portion thereof. 

Preferably, the active region is profiled so that the 
peripheral portion has a single quantum well (SQW). 

75 Preferably also, the number of quantum wells de- 
creases substantially progressively from the central por- 
tion through an intermediate portion disposed between 
the central portion and the peripheral portion, to the pe- 
ripheral portion. 

20 The central portion is generally confined to the mo- 
dal area of the active region which produces a single 
fundamental transverse mode output, and typically has 
a diameter of not more than about 5 um. 

Preferably, the active region is one which has been 

2$ produced by forming an MQW active region having the 
same number n of quantum wells throughout its cross- 
sectional area, and then removing (eg by selective etch- 
ing) at least one of the quantum wells (preferably n-1 
quantum wells) in the peripheral portion. 

30 According to a second aspect of the present inven- 
tion, there is provided a surface-emitting laser compris- 
ing an optical cavity including a multiple quantum well 
(MQW) active region providing a source of optical emis- 
sion in use; a current-guiding regbn serving to guide 

35 current through the MQW active region; and top and bot- 
tom mirrors disposed respectively above and below the 
active region, wherein the current-guiding region is pro- 
filed so that it has a first current-guiding portion with a 
relatively smaller aperture therethrough extending over 

40 a central portion of the MQW active region and a second 
portion with a relatively larger aperture therethrough. 

The first and second portions of the current-guiding 
region are preferably ones which have been formed by 
ion-implantation to increase electrical resistance. The 

45 tons may be any suitable ions having regard to the ma- 
terial being implanted. For example, for a GaAs materi- 
al, the ion implanted may be H + , although for other ma- 
terials it may be O 2- . 

Preferably, the first and second current-guiding por- 

so tions comprise ion-implanted portions of different 
depths. The current-guiding region may extend for at 
least part of the depth of the active region, or it may ex- 
tend over at least part of the depth of a spacer region in 
the optical cavity, or it may extend for at least part of the 
55 depth of the spacer region and at least part of the depth 
of the active region. 

According to a third aspect of the present invention, 
there is provided a surface-emitting laser comprising an 
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optical cavity including a multiple quantum well (MOW) 
active region providing a source of optical emission in 
use; and top and bottom mirrors disposed respectively 
above and below the MOW active region; one ot the mir- 
rors (preferably that which defines an output mirror of 
the laser) having a layer structure which, in a central 
portion of the cross-sectional area of such mirror, is dif- 
ferent to that in a peripheral portion of said cross-sec- 
tional area. 

In one embodiment of said third aspect of the 
present invention, the layer structure of said one of said 
mirrors has a greater number ol layers in said central 
portion than in said peripheral portion. 

The first, second and third aspects of the present 
invention will now be described in further detail with ref- 
erence to the accompanying drawings, in which:- 

Figure 1 is a schematic diagram of a previously pro- 
posed VCSEL having a current-guided region, 
Figure 2 is a schematic diagram of an embodiment 
of VCSEL according to said first aspect of the 
present invention, 

Figure 3 is a schematic diagram of an embodiment 
of VCSEL according to said second aspect of the 
present invention, and Fig. 4 is a schematic diagram 
of an embodiment of VCSEL according to said third 
aspect of the present invention. 

Referring now to Figure 1 , the previously proposed 
VCSEL comprises a semiconductor substrate 10 upon 
which have been successively formed a bottom DBR 
mirror 12, a lower semiconductor spacer region 14, an 
MQW active region 16, an upper semiconductor spacer 
region 18, a top DBR mirror 20 and an upper metal ring 
electrical contact 22 having a central exit window 24 
therethrough. The top mirror 20 forms the output mirror 
of the VCSEL The DBR mirrors 12 and 20 are formed 
in a manner known per se of a multiplicity of pairs of 
quarter wave mirror layers of high and low refractive in- 
dex, typically 30 or more pairs of mirror layers. A lower 
electrical contact (not shown) is provided on the under- 
side of the substrate 10. The optical output from the VC- 
SEL is in the direction of arrow O. 

The VCSEL has an annular current-guiding region 
26 formed by radially inward H + ion implantation to pro- 
vide a gain-guided structure. The annular region 26 typ- 
ically has an inner diameter of 15-20 u.m which repre- 
sents the gain guide diameter. In Figure 1 , the region 26 
is illustrated as having sharp, well-defined inner periph- 
eral edges with a cylindrical inner surface. However, it 
is to be appreciated that these parts will in fact be slightly 
curved because of the inherent nature of the ion-implan- 
tation process used to form the region 26 (the same ap- 
plies to the corresponding parts in Figs. 2 to 4). In the 
embodiment illustrated in Figure 1 , the diameter of the 
exit window 24 is about the same as the inner diameter 
of the current-guiding region 26. The disadvantage of 
such a structure is that, above threshold, a number of 



effects including thermal lensing, spatial hole burning, 
self-focussing and non-uniform current injection lead to 
the appearance of higher-order transverse modes with 
accompanying "kinks" in the light output vs. current 

5 characteristic of the VCSEL (see Morgan, R.A. - supra). 
In order to mitigate this disadvantage, Morgan, R.A. et 
al propose reducing the diameter of the exit window 24 
to <5 u.m in order to limit lasing to TEMqq mode. How- 
ever, even with such window diameter reduction, the 

10 maximum continuous wave (cw) single transverse 
mode power output for the VCSEL is still limited to 2.6 
mW or less. 

Referring now to Figure 2, the embodiment ol VC- 
SEL according to said first aspect of the present inven- 
ts tion has a similar structure to that of Figure 1 and similar 
parts are accorded the same reference numerals. The 
optical cavity of the VCSEL has a length of nA/2 (where 
X is the wavelength of the emitted light and n is an inte- 
ger) and is defined by the active region 1 6 and the upper 
20 and lower spacer regions 18 and 14. In this embodi- 
ment, the MQW active region 16 is formed by first epi- 
taxially depositing layers of several (5 in this embodi- 
ment) quantum wells on the lower spacer region 14 and 
then radially etching such layer structure so that the ac- 
25 tive region 1 6 tapers from a full complement of quantum 
wells in the central portion 16a to a single well ~ 5 jam 
away at the peripheral portion 16b of the region 16, with 
the reduction in the number of quantum wells reducing 
substantially progressively in an annular intermediate 
30 portion 16c between the portions 16a and 16b. This 
structure is overgrown with the upper spacer region 18 
and then the top DBR mirror 20. 

Etching of the active region 16 to produce the re- 
quired radial profiling thereof may be effected by wet 
35 chemical etching or by dry etching. Dry etching may be 
performed using a micro-lens fabrication process 
wherein melting of a photoresist disk is effected to gen- 
erate a lens-like mask for subsequent dry etching (see, 
for example, (i) Matinaga, FM. et al, "Low-threshold op- 
40 eration of hemispherical microcavity single quantum- 
well lasers at 4 K", Appl. Phys. Lett. 62, 443 (1993); (ii) 
Daly, D. et al "The manufacture of microlenses by melt- 
ing photoresist", Meas. Sci. Technol. 1 (1990) 759-766; 
and (iii) Mersereau, K. et al, "Fabrication and measure- 
45 ment ol fused silica microlens arrays", SPIE Vol. 1751 , 
Miniature and Micro-Optics (1992), 229-233). By using 
an etching procedure in which the lens-like mask and 
the active region are etched away at the same rate the 
profile of the lens-like mask can be etched into the active 
50 region. 

The optical gain in a quantum well saturates with 
increasing injected current because of the step-like form 
of the density of electronic states. Therefore, although 
a single quantum well (SOW) will reach transparency at 
55 the lowest injected current density, the total gain avail- 
able is higher with multiple quantum wells (MQW). By 
radially etching the structure from an MQW at mode cen- 
tre to an SQW at the peripheral edge, it is ensured that, 
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under suitably high current injection conditions, the total 
gain available varies radially, to aid in the maintenance 
of a fundamental transverse mode. With this structure, 
it is considered possible to achieve an improved contin- 
uous wave (cw) single transverse mode power output 
from the VCSEL. 

A similar effect can be achieved by the structure il- 
lustrated in the embodiment of Figure 3 where, instead 
of radially profiling the active region, control of the loca- 
tion and depth of ton-implantation is effected to produce 
a specifically shaped current-guide region 26 defining a 
particular current pattern in use. Radial control of the 
dose of the ion implantation process is carried out in two 
steps to different radial depths so that the periphery of 
the current-guiding region 26 is defined by a first, annu- 
lar current-guiding portion 26a having a smaller internal 
diameter (~ 5 ujti) and an adjacent, second, annular 
current-guiding portion 26b having a larger internal di- 
ameter (~ 10 u.m). In this embodiment, the portion 26a 
is formed in the upper spacer region 18, whilst the por- 
tion 26b is formed partly in the upper spacer region 18 
and partly in the active region 16. 

The effect of portion 26a is to cause current flow to 
be channelled mainly through the central portion 16a of 
the active region 16, whilst the portion 26b permits suf- 
ficient current to flow through the intermediate and pe- 
ripheral regions 1 6c and 1 6b for lasing to take place 
there. In Figure 3, one of the quantum wells of the active 
region 16 is shown as being delimited by the inner pe- 
riphery of the current-guiding portion 26b. Structurally 
speaking, the active region 16 extends outwardly 
through the current-guiding region 26b which includes 
a part of the active region 16 which has been ion-im- 
planted to increase the electrical resistance. Ion implan- 
tation at the dose rates necessary to impart the required 
degree of electrical resistance will not materially affect 
the optical transparency of the active region 16. How- 
ever, because of the increased electrical resistance 
thereof, the portion 26b is not considered functionally to 
be part of the active region 16. This is because, at the 
power input level at which the VCSEL is operated, the 
current flow through such portion 26b is below the 
threshold current necessary for lasing to occur in such 
portion. 

As shown in Figure 3, the current -guiding portions 
26a and 26b are mutually displaced in the emission di- 
rection O, with the portion 26a lying nearer to the window 
24 so that a funnel structure opening downwardly, ie 
away from the window 24, is defined. However, an up- 
wardly opening funnel structure may be provided by 
forming the current-guiding portion 26b nearer to the 
window 24 than the portion 26a. 

VCSELs only have a small gain per pass because 
the active layer in such lasers is very thin. This means 
that the mirror reflectivities have to be very high (> 99%). 
To achieve this, it is the usual practice to form the DBR 
mirrors from 30 or more quarter wave mirror pairs, as 
noted above. According to the third aspect of the present 



invention (see Figure 4), the layer structure of the output 
DBR mirror 20 is profiled to produce a significant radial 
loss either instead of or in addition to the profiling de- 
scribed hereinabove in relation to Figure 2 or 3. This pro- 

5 filing of the mirror 20 may be effected by removing (eg 
etching) as few as one or two mirror pairs a few |im from 
the mode centre. Thus, the mirror layer structure has a 
different structure in its central portion to that at its pe- 
ripheral portion. This may be done by the micro-lens 

10 type dry-etching process referred to above in relation to 
Figure 2. In the embodiment of Figure 4, etching is ef- 
fected in a way such as to promote TEMqq single trans- 
verse mode operation, by reducing the reflectivity of 
those peripheral portions of the mirror 20 at which re- 

15 flection of other transverse modes is prevalent. The re- 
sult of this is to reduce stimulation of emission of such 
unwanted transverse modes. 

It is also within the scope of this third aspect of the 
present invention to arrange the radial loss profiling of 

20 the mirror 20 so as to produce different mode shapes. 
For example, etching one or two of the mirror pairs at 
the mode centre may be effected to form a "doughnut"- 
type transverse mode profile. 

25 

Claims 

1. A surface-emitting laser comprising an optical cav- 
ity including a multiple quantum well (MQW) active 

30 region (16) providing a source of optical emission 
in use; and top and bottom mirrors (22 and 1 2) dis- 
posed respectively above and below the MQW 
active region (16), characterised in that the MQW 
active region (16) is profiled so that it has a greater 

35 number of quantum wells in a central portion (16a) 
thereof than in a peripheral portion (16b) thereof. 

2. A laser as claimed in claim 1 , characterised in that 
the active region (16) is profiled so that the periph- 

40 eral portion (16b) has a single quantum well. 

3. A laser as claimed in claim 1 or 2 : characterised in 
that the number of quantum. wells decreases sub- 
stantially progressively from the central portion 

45 (16a) through an intermediate portion (16c) dis- 
posed between the central portion (16a) and the 
peripheral portion (16b), to the peripheral portion 
(16b). 

so 4. a laser as claimed in claim 1 , 2 or 3, characterised 
in that the central portion (16a) is generally confined 
to the modal area of the active region which pro- 
duces a single fundamental transverse mode out- 
put. 

55 

5. A laser as claimed in claim 4, characterised in that 
the central portion (16a) of the active region (16) 
has a diameter of not more than about 5 p.m. 
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6. A laser as claimed in any preceding claim, charac- 
terised in that the active region (16) is one which 
has been produced by forming an MQW active 
region having the same number n of quantum wells 
throughout its cross-sectional area, and then 5 
removing at feast one of the quantum wells in the 
peripheral portion (16b). 

7. A surface-emitting laser comprising an optical cav- 
ity including a multiple quantum well (MQW) active 10 
region (16) providing a source of optical emission 

in use; a current-guiding region (26) serving to 
guide current through the MQW active region (16); 
and top and bottom mirrors (20 and 12) disposed 
respectively above and below the active region is 
(16), characterised in that the current- guiding 
region (26) is profiled so that it has a first current- 
guiding portion (26a) with a relatively smaller aper- 
ture therethrough extending over a central portion 
(16a) of the MQW active region (16) and a second 20 
current-guiding portion (26b) with a relatively larger 
aperture therethrough 

8. A laser as claimed in claim 7, characterised in that 
the first and second current-guiding portions (26a 2s 
and 26b) of the current-guiding region (26) are ones 
which have been formed by ion-implantation to 
increase electrical resistance. 

9. A laser as claimed in claim 7 or 8, characterised in 30 
that the first and second current-guiding portions 
(26a and 26b) comprise ion-implanted portions of 
different depths. 

10. A surface-emitting laser comprising an optical cav- 35 
ity including a multiple quantum well (MQW) active 
region (16) providing a source of optical emission 

in use; and top and bottom mirrors (20 and 12) dis- 
posed respectively above and below the MQW 
active region (16); one of the mirrors (20) having a 4o 
layer structure which, in a central portion of the 
cross-sectional area of such mirror, is different to 
that in a peripheral portion of said cross-sectional 
area. 

45 

11. A laser as claimed in claim 10, characterised in that 
the layer structure of said one of said mirrors (20) 
has a greater number of layers in said central por- 
tion than in said peripheral portion. 

so 

12. A laser as claimed in claim 10 or 11, characterised 
in that the number of layers in said one of said mir- 
rors (20) decreases substantially progressively 
from the central region to the peripheral region. 

55 

1 3. A laser as claimed in claim 10, 11 or 1 2, character- 
ised in that said one of said mirrors (20) is an output 
mirror of the laser. 
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(54) Surface-emitting laser 



(57) A surface-emitting laser comprises an optical 
cavity including a multiple quantum well (MQW) active 
region (16) providing a source of optical emission in use. 
Top and bottom mirrors (22 and 12) are disposed re- 
spectively above and below the MQW active region (16). 
The MQW active region (16) is profiled so that it has a 
greater number of quantum wells in a central portion 
(16a) thereof than in a peripheral portion (16b) thereof 
(Figure 2). In alternative embodiments, (a) a current- 
guiding region (26) is profiled so that it has a first current- 
guiding portion (26a) with a relatively smaller aperture 
therethrough extending over a central portion (16a) of 
the MQW active region (16), and a second current -guid- 
ing portion (26b) with a relatively larger aperture there- 
through (Figure 3); and (b) one of the mirrors (20) has 
a layer structure which, in a central portion of the cross- 
sectional area of such mirror, is different to that in a pe- 
ripheral portion of said cross-sectional area (Figure 4). 
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